Maternal Multiple Micronutrient Supplements and Child Cognition: A Randomized Trial in Indonesia
WHAT'S KNOWN ON THIS SUBJECT: Micronutrients are essential for brain development during gestation and infancy. Few randomized trials of maternal multiple micronutrient supplementation during pregnancy and postpartum have examined child outcomes beyond the neonatal period or tested which cognitive domains show long-term effects.
WHAT THIS STUDY ADDS: Children of undernourished mothers given multiple micronutrients performed as well as children of well-nourished mothers in motor and visual attention/spatial ability at age 42 months; children of undernourished mothers given iron/folic acid showed 4-to 5-month delays in these abilities.
abstract OBJECTIVES: We investigated the relative benefit of maternal multiple micronutrient (MMN) supplementation during pregnancy and until 3 months postpartum compared with iron/folic acid supplementation on child development at preschool age (42 months).
METHODS:
We assessed 487 children of mothers who participated in the Supplementation with Multiple Micronutrients Intervention Trial, a cluster-randomized trial in Indonesia, on tests adapted and validated in the local context measuring motor, language, visual attention/spatial, executive, and socioemotional abilities. Analysis was according to intention to treat.
RESULTS:
In children of undernourished mothers (mid-upper arm circumference ,23.5 cm), a significant benefit of MMNs was observed on motor ability (B = 0.39 [95% confidence interval (CI): 0.08-0.70]; P = .015) and visual attention/spatial ability (B = 0.37 [95% CI: 0.11-0.62]; P = .004). In children of anemic mothers (hemoglobin concentration ,110 g/L), a significant benefit of MMNs on visual attention/spatial ability (B = 0.24 [95% CI: 0.02-0.46]; P = .030) was also observed. No robust effects of maternal MMN supplementation were found in any developmental domain over all children.
CONCLUSIONS: When pregnant women are undernourished or anemic, provision of MMN supplements can improve the motor and cognitive abilities of their children up to 3.5 years later, particularly for both motor function and visual attention/spatial ability. Maternal MMN but not iron/folic acid supplementation protected children from the detrimental effects of maternal undernutrition on child motor and cognitive development. Pediatrics 2012;130:e536-e546 Dr Prado designed and supervised the developmental assessment, cleaned and analyzed the developmental data, and produced the first draft of the paper, as well as subsequent drafts and additional analyses. Dr Prado and Dr Alcock were joint principal investigators of the preschool child development follow-up study. Dr Alcock designed the developmental assessment battery with Dr Prado and advised on the training of the assessors. These data formed part of Dr Prado' s doctoral thesis at Lancaster University. Dr Alcock supervised Dr Prado' s doctoral studies, advised on analysis and interpretation of the data, and contributed to the manuscript. Dr Shankar was the principal investigator of the Supplementation with Multiple Micronutrients Intervention Trial (SUMMIT) study. He designed the protocols and directed and coordinated execution of the study. Dr Shankar helped with field and data management of the preschool developmental assessment and contributed to analysis and interpretation of the data and preparation of the manuscript. Dr Muadz contributed to the design and adaptation of the developmental assessment to the local context and helped with the field logistics and data management of the developmental assessment. Dr Ullman advised on the design of the developmental assessment, contributed to analysis and interpretation of the data, and co-wrote sections of the paper with Dr Prado. All individual authors critiqued the manuscript and approved the final report. The SUMMIT Study Group designed and executed the SUMMIT study. Micronutrients are necessary for brain development during gestation and infancy. These are important periods for the formation of the brain, laying the foundation for the development of cognitive, motor, and socioemotional skills throughout childhood and adulthood. Children with restricted development of these skills during early life are at risk for later neuropsychological problems, poor school achievement, low-skilled employment, and poor care of their own children, thus contributing to the intergenerational transmission of poverty. 1, 2 More than 200 million children aged ,5 years in low-and middleincome countries, at a conservative estimate, are not reaching their developmental potential in these areas. 3 Sufficient micronutrient intake is especially important when mothers are pregnant and breastfeeding, which are periods of increased micronutrient needs and crucial periods for the brain development of the infant. 4 The neural tube begins to form 16 days after conception and within 7 months takes on a form that resembles the adult brain. 5 Micronutrients are necessary for many of the biological processes that drive this transformation, including neuron proliferation, axon and dendrite growth, synaptogenesis, and myelination. For example, in animal models, maternal vitamin B 6 deficiency results in decreased synaptic density in the neocortex, 6 whereas maternal deficiency in either vitamin B 6 or zinc leads to reduced dendritic branching. 7, 8 Maternal deficiency in iron and vitamin B 6 , as well as gestational hypothyroidism, which can be caused by deficiencies in iodine and selenium, result in reduced myelination in the offspring. 8, 9 Few studies have examined the effects of maternal micronutrient deficiencies on brain development in humans.
Although the World Health Organization recommends distribution of iron/folic acid (IFA) supplements to pregnant women, provision of multiple micronutrients (MMNs), including those important for brain development such as vitamin B 6 , zinc, and iodine, may be more beneficial for mothers and their children. Three randomized trials have examined the effect of maternal MMN supplementation on motor and cognitive development in infancy. Two of these have reported benefits on Bayley Scales of Infant Development motor scores in children (age 7 months) of undernourished mothers in Bangladesh 29 and children (age 6-18 months) of HIV-1infected mothers in Tanzania. 30 A third trial in China found a benefit of maternal MMN supplementation compared with IFA on Bayley Scales of Infant Development mental but not motor scores at 12 months of age. 10 These somewhat mixed results suggest that maternal MMN supplementation may improve motor development, although perhaps only in children of mothers who are at particular risk (ie, with HIV-1 infection or low BMI), and may also benefit other cognitive abilities.
Only 1 study has examined the effect of maternal MMN supplementation in older children: a randomized trial in Nepal, which assessed a cohort of 7-to 9-yearold children. 11 Children whose mothers had received 15 micronutrients during pregnancy scored higher on a test of executive function than those whose mothers had received vitamin A alone. However, this benefit was found for only 1 of 6 tests of motor and cognitive function. Children of mothers in this same study who received iron, folic acid, and vitamin A scored higher on 5 of 6 cognitive and motor tests than those whose mothers received vitamin A alone. In this study, children whose mothers received iron, folic acid, and vitamin A were not directly compared with those who received 15 micronutrients. In addition, this study used an MMN formulation that did not contain iodine, which is important for child motor and cognitive development, nor did it assess the specific impact on children of undernourished or anemic mothers. Additional data are needed to investigate whether long-term benefits of maternal MMN supplementation, over IFA alone, may be observed for children in other contexts or for the development of other cognitive and socioemotional skills. Analyses directly comparing the current UNICEF/World Health Organization/United Nations University MMN formulation with IFA, as reported here, are also important to inform maternal health policy.
We examined the effect of maternal supplementation with MMNs, compared with IFA, on motor and socioemotional skills, as well as several specific aspects of cognitive ability: language, attention (the ability to focus and sustain attention), visuospatial ability (the ability to perceive and mentally represent spatial relationships among objects), and executive function (cognitive selfregulation, such as planning, effortful control of attention, and inhibition of automatic responses). In addition, in prespecified analyses, we examined interactions between maternal supplement type and 2 indicators of maternal nutritional status likely to be related to poor child development: undernourishment at enrollment (mid-upper arm circumference [MUAC] ,23.5 cm) and anemia at enrollment (hemoglobin [Hb] concentration ,110 g/L).
METHODS
This study was conducted as part of the Supplementation with Multiple Micronutrients Intervention Trial (SUMMIT). A detailed description of the design and procedures of SUMMIT has been published previously. 12 SUMMIT staff visited participants within 72 hours of enrollment to record baseline information, including MUAC and Hb concentration, which were used to classify mothers as undernourished or anemic, respectively, in stratified analyses. Because midwives had been previously randomized to distribute IFA or MMNs, this classification was independent of randomization. Additional data were also collected (see Supplemental   Information ). The follow-up sample was drawn from a random sample of 2369 women who provided blood samples both before and after supplementation. Figure 1 shows the trial profile. A total of 28 426 children were born live, with 26 228 being alive at 12 weeks postpartum after mortality and loss to follow-up. To power the study to detect a difference of 0.3 SD and adding 15% for potential attrition, we targeted 549 mothers, comprising all mothers who gave birth between September 24, 2003, and March 31, 2004, and who had their blood drawn both before and after supplementation. We were able to test children of 484 of these mothers, including 3 sets of twins, for a total of 487 children. Of the targeted participants, the proportion who were not tested did not differ between IFA (32 of 272) and MMN (33 of 277) (P = .957). Fourteen motor scores (5 IFA, 9 MMN), 8 visual attention/spatial scores (2 IFA, 6 MMN), and 11 executive function scores (4 IFA, 7 MMN) were missing because the child refused to attempt the tests.
Follow-up Sample
All testing was conducted from April to September 2007 at the homes of the participants within 3 weeks of the day the child turned 42 months. Written informed consent was obtained from a parent. Ethical approval for the informed consent and research procedures for the follow-up study was obtained from the Lancaster University Ethics Committee and the Mataram University Ethical Research Committee.
Developmental Tests
Developmental tests were selected that assess specific abilities which develop during early childhood and are likely to be sensitive to nutritional influences. Research in maternal and child undernutrition in humans and animals suggests possible effects on motor development, 13 language development, 14, 15 and nonverbal cognitive development, including visual attention, visuospatial ability, and executive function, 16 as well as socioemotional development. 17, 18 Tests that assess each of these domains were adapted to the local language, culture, and setting in Lombok, and were evaluated for reliability and validity. A full description of the test selection criteria, adaptations, and the reliability and validity results is reported in Prado et al. 19 The tests are described in Table 2 .
Additional Measures
The following data were also collected at the time of child testing: an adapted version of the Home Observation for the Measurement of the Environment inventory, 20 the child' s Hb concentration, and maternal depression. For details, see Supplemental Information.
Statistical Analyses

Group Characteristic Comparisons
First, we examined whether children whose mothers received MMNs and IFA were matched on the characteristics listed in Table 3 . For the continuous variables, the difference was estimated in mixed effects models. A random effect of midwife code on intercept was included in all analyses because the randomization was allocated by midwife rather than by individual participant; 
Calculation of Test Scores
For each test score (described in These missing items were imputed by using the sequential regression imputation method described in Raghunathan et al. 22 For details, see Supplemental Information. We additionally performed the analyses on motor scores by counting refused (missing) items as a failure, rather than using imputation, and found a similar pattern of results.
Effect of Maternal MMN Versus IFA
The effect of MMN versus IFA supplementation on each domain score was estimated in mixed effects models with a fixed effect of supplement type and a random effect of midwife code. This model was estimated first with a fixed effect of supplement type as the only independent variable, and second, with fixed effects of supplement type and any variables from Table 3 that independently predicted each domain score. For a detailed description of covariate selection, see Supplemental Information.
Because gestational age at birth (preterm, full-term, or post-term) did not significantly predict any domain score, this variable was not included as a covariate.
To examine the effect on each domain score in children of mothers who were undernourished (MUAC ,23.5 cm) at enrollment and mothers who were anemic (Hb ,110 g/L) at enrollment, the interaction between each of these 2 variables and supplement type was (separately) added to the model. If this interaction was significant at the P , .1 level, the effect of MMNs was estimated for each subgroup.
RESULTS
The effect of MMN supplementation on the composite score for each developmental domain is reported in suggesting that there were no robust effects of maternal MMN supplementation in the full group of children.
Children of Undernourished Mothers
The interaction between maternal supplement type and maternal undernutrition (MUAC ,23.5 cm) was significant for motor development (B = 0.412; SE = 0.199; t(399) = 2.07; P = .039) and visual attention/spatial ability (B = 0.454, SE = 0.168, t(420) = 2.71, P = .007) but not for language, executive function, or socioemotional development.
In motor development, children of undernourished mothers who received MMNs scored 0.35 SD higher than those who received IFA (P = .044) ( The fine and gross motor scales were developed by selecting age-appropriate items (10 fine motor items and 10 gross motor items) from both the Bayley Scale of Motor Development 42 and the Ages and Stages Questionnaire 43 ; for example, "Jumps over a rope 20 cm high" and "Threads three beads on a string."
The motor score was calculated as the total number of items, out of 20, that a child performed successfully.
Cognitive Development Language Ability
Picture Vocabulary Test Based on the British Picture Vocabulary Scale, 44 the child was presented 50 items, each consisting of 4 pictures
(1 target and 3 distracters) and a word spoken by the tester. The child was asked to point to the picture corresponding to the word. Item scores were summed for a total score.
Sentence Complexity Scale
Based on the MacArthur-Bates Communicative Development Inventory-Level III, 45 the child' s parent or another caregiver was asked 16 questions concerning the child' s expressive language ability. For example, the parent was asked, given an appropriate context, "Which one more closely resembles your child' s speech: "Tas te kadu" (I'm using my bag) or "Tas te kadu jauq robot" (I'm using my bag to carry a robot)? A score of 0 was given for the less complex structure and a score of 1 for the more complex structure. These items were adapted to the Sasak language based on transcripts of child speech. 19 For each test, item scores were summed for a total score.
Visuospatial Ability Block Design Test
Based on aspects of both the British Ability Scale 46 and the Wechsler Preschool and Primary Scale of Intelligence-Third Edition, 47 the child was presented 7 shapes made with wooden blocks and was asked to build a copy of each. Thirty seconds were allowed per attempt. Children who failed on the first attempt were given a second attempt, only for the first 4 items. Children were scored on the average amount of time per correct item completed, which was then reciprocal transformed, reversing the score to match the direction of the other scores (higher is better).
Visual Attention Visual Search Test
This test was based on the NEPSY Developmental Neuropsychological Assessment visual search subtest. 48 In each of 2 items, the child was shown an array of pictures and asked to point to every instance of a target picture in the array, while the tester circled each picture the child indicated. The score was calculated as the number of hits (number of targets correctly indicated) minus the number of false alarms (number of distracter pictures incorrectly indicated).
Executive Function Snack Delay Test
In the Snack Delay Test, 49 , 50 the tester placed a snack in the child' s hand and told the child to wait until given permission to eat the snack. Four trials were administered, with delays of 5, 15, 30, and 45 seconds. If the child ate the snack before the allotted time, the amount of time the child waited before eating the snack was recorded. The average amount of time the child waited before eating the snack across the four trials was calculated.
Windows Test
In the Windows Test, 51 the tester placed a treat inside 1 of 2 boxes, each of which had a clear window through which the child could see the treat. The child was initially instructed to point to the box with the treat to obtain the treat. After 2 trials, the rule was reversed and the child was instructed to point to the box without the treat to obtain it. The score was calculated as the number of correct trials after the rule was reversed, out of 6 trials.
Socioemotional Development Socioemotional Development Scale A Socioemotional Development Scale was developed based on the Brief Infant-Toddler Social and Emotional
Assessment. 52 In an interview format, the child' s parent or caregiver rated 29 items probing specific aspects of the child' s behavior on a scale from 0 to 2 (0 = not true/rarely, 1 = somewhat true/sometimes, 2 = very true/often). Both competence items (eg, "Plays well with other children") and problem items (eg, "Does not make eye contact") were presented. A competence score was calculated as the sum of the competence item ratings and a problem score was calculated as the sum of the problem item ratings. The problem score was reversed, to match the direction of the other scores (higher scores representing better functioning), by subtracting the raw score from the maximum possible score. 42 ∼4.5 months of age. No difference in motor scores was found in children of mothers who were not undernourished during pregnancy. This finding suggests that the effect of MMNs on motor development observed over all children in the adjusted analysis (Table 4 ) was due to this effect in children of undernourished, rather than well-nourished, mothers.
In visual attention/spatial ability, children of undernourished mothers who received MMNs scored 0.35 SD higher than those who received IFA (P = .011) ( Table 5 ). Children of mothers who were not undernourished during pregnancy did not show this advantage. The effect of age in months on this score, in All baseline measures were taken within 72 hours of enrollment. Maternal cognitive and mood scores were taken from Prado et al. 39 a Comparisons using mixed effects models for continuous variables (t is reported) and generalized linear models for categorical variables (z is reported). b The socioeconomic index was derived from a survey administered at enrollment to determine whether participants owned 12 household items. Subsequently, we discarded 6 items with correlations with the total score of ,0.1. Removing these items improved the internal consistency of the index from Cronbach' s a = 0.41 to 0.57. The 6 remaining items (owned a radio; a television; a refrigerator; a bike; a motorbike; and a small sales business, such as selling snacks, commonly operated out of the home) were summed for a total score. the aforementioned sample of children aged 30 to 55 months, was 0.07, indicating that this score increased by ∼0.07 SD with each month of age. Therefore, the effect of MMNs in children of undernourished mothers represents an advantage equivalent to ∼5 months of age. Both the effects on motor and visual attention/spatial ability in children of undernourished mothers were slightly stronger in the analyses adjusting for the covariates (B = 0.39 and B = 0.37, respectively).
The mean z score for each domain in children of mothers who received IFA and MMNs stratified on the basis of the mother' s MUAC is presented in Fig 2. Children of undernourished mothers who received IFA scored substantially lower in motor development (mean: -0.28) and visual attention/spatial ability (mean: -0.35) than all other groups (mean: 0.01-0.10). Children of undernourished mothers who received MMNs had scores (mean: 0.07 for motor ability and 0.01 for visual attention/spatial ability) similar to children of mothers who were not undernourished in either supplement group (mean: 0.01-0.10). This finding suggests that maternal MMN supplementation protected children of undernourished mothers from negative developmental effects of the mother' s poor nutritional status during pregnancy.
Children of Anemic Mothers
The interaction between maternal supplement type and maternal anemia (Hb ,110 g/L) was significant at the P , .1 level for visual attention/spatial ability (B = 0.292, SE = 0.157, t(469) = 1.86, P = .063) but not for any other domain score.
Children of anemic mothers who received MMNs scored 0.23 SD higher in visual attention/spatial ability than those who received IFA, an effect which approached significance in the unadjusted analysis (P = .055) and was significant in the adjusted analysis (B = 0.24, P = .030) ( Table 5 ). This effect size represents an advantage equivalent to ∼3 months of age. Children of mothers who were not anemic during pregnancy did not show a benefit of maternal MMN supplementation on visual attention/spatial ability.
DISCUSSION
In a randomized trial in Indonesia that examined the effects of maternal MMN supplementation, compared with IFA, on the motor, cognitive, and socioemotional abilities of children at age 42 months, the following results were found. No significant effects were found for children overall, except in the adjusted analysis on motor development. Stratified analysis showed that this The estimate of the effect of MMNs represents the difference in scores between children of mothers who received MMNs and IFA, expressed as a fraction of the variation (SD) of the score. Positive estimates indicate that those who received MMNs scored higher than those who received IFA. CI, 95% confidence interval. a Adjusted for Home Observation for the Measurement of the Environment Inventory (HOME) inventory score and child' s Hb concentration. b Adjusted for HOME inventory score, child' s Hb concentration, and mother' s MUAC ,23.5 cm. c Adjusted for HOME inventory score and mother' s MUAC ,23.5 cm. d Adjusted for HOME inventory score and birth weight. e Adjusted for HOME inventory score and compliance (mean percentage of supplements consumed). The estimate of the effect of MMNs represents the difference in scores between children of mothers who received MMNs and IFA, expressed as a fraction of the variation (SD) of the score.
Positive estimates indicate that those who received MMNs scored higher than those who received IFA. The interaction term P value represents the P value associated with the interaction between maternal supplement type and the stratification variable (mother' s MUAC or Hb). CI, 95% confidence interval. a Adjusted for Home Observation for the Measurement of the Environment Inventory (HOME) inventory score and child' s Hb concentration. b Adjusted for HOME inventory score. c Adjusted for HOME inventory score and mother' s MUAC ,23.5 cm. effect on motor development was found only in children of mothers who were undernourished during pregnancy and was equivalent to an advantage of ∼4.5 months of age. Maternal MMN supplementation also yielded advantages in visual attention/spatial ability in 2 subgroups of children: children of mothers who were undernourished during pregnancy, equivalent to ∼5 months of age, and children of mothers who were anemic during pregnancy, equivalent to ∼3 months of age. These findings have several implications.
First, these results demonstrate that adequate maternal micronutrient intake is necessary for intact brain development, a conclusion that in the past has largely depended on animal models. Although acute maternal deficiencies in certain micronutrients are known to result in severe neurologic impairment (eg, maternal iodine deficiency resulting in cretinism), 4 the effect of mild to moderate micronutrient deficiencies during pregnancy in humans has not yet been clarified. The finding that children of undernourished mothers who received IFA performed at substantially lower motor and cognitive levels compared with those who received MMNs and compared with children of well-nourished mothers (Fig 2) suggests that supplementation with IFA alone is insufficient to protect against negative long-term developmental effects of maternal undernutrition. The MMN supplement in the current study contained iodine, zinc, and vitamin B 6 , all of which are important for brain development. Maternal iodine supplementation has been found to improve motor and cognitive development in several studies. 14, 23, 24 Maternal zinc supplementation has been found to improve muscle mass in 12-month-old infants, 25 which could lead to improved motor development, although improvements in motor development have not been observed in 2 other studies of maternal zinc supplementation. 26, 27 Thus, adequate intake of other micronutrients in addition to iron/folic acid during pregnancy and lactation seems to be important for healthy motor and cognitive development.
Second, the finding that MMN supplementation benefited these children's motor and cognitive abilities in undernourished mothers is consistent with previous evidence that maternal MMN supplementation can provide other important advantages, such as reductions in low birth weight 28 and infant mortality 3 months postpartum, 12 and suggests that these advantages extend beyond gestational and early infant health outcomes. The finding is also consistent with the positive findings of the 3 previous studies that examined the effect of MMN supplementation on Bayley Scales of Infant Development mental and motor scores 10, 29, 30 and provides important additional elements, such as the evaluation of multiple domains of early child development and the careful adaptation of the tests to the local setting. 19 Perhaps most importantly, whereas those studies focused on infants (up to age 18 months), the current study examined children at 42 months of age. Infant development scores are generally poor predictors of latercognitive abilities 31 ; in contrast, those scores of children ages 3 to 7 years predict later outcomes such as school achievement, [32] [33] [34] which in turn leads to higher skilled employment and higher wages in adulthood. The fact that we found a benefit of MMN supplementation in visual attention/spatial ability is intriguing because focusing and sustaining attention are important skills for school success. 35 Moreover, attention measured before and during elementary school has been found to predict school achievement up to 5 years later. [36] [37] [38] Thus, the results obtained here suggest that maternal MMN supplementation might have much longer-term advantages for children of undernourished and anemic mothers.
Third, the finding that the motor and cognitive benefits were observed primarily in the children of mothers who were undernourished or anemic during pregnancy is consistent with previous studies that have observed a particular benefit of MMN supplementation in these subgroups on infant survival, 12 maternal cognition, 39 and infant motor development, 29 although not on birth weight. 28, 40 Together, these findings suggest that micronutrient deficiency may be especially problematic among these subgroups, and that these mothers and their children particularly benefit from MMN supplementation during pregnancy and postpartum in certain important outcomes. Given that some studies have found no differences between maternal MMN and IFA supplementation on neonatal infant mortality 41 or on cognitive performance at age 7 to 9 years, 11 this highlights the importance of examining effects in subgroups of mothers who are particularly likely to benefit from MMN supplementation.
We found no effects on language, executive, or socioemotional skills. One limitation of this study was that the children were tested at an age in which a wide variation in performance is normal. For example, because a wide variation in language ability falls within a normal range at age 3 years, it may be difficult to detect effects in language development at this age. Another limitation was that the tests of executive function in the current study primarily assessed inhibition ability (in both the Snack Delay and Windows tests) and, to some extent, task switching (in the Windows test). In later childhood, it becomes easier to assess other aspects of executive function, including planning and task monitoring, which might be more sensitive to maternal MMN supplementation. A third limitation was that our measure of socioemotional development relied on parent report rather than direct assessment of the child, which may also be more sensitive to effects of maternal MMN supplementation.
CONCLUSIONS
Our findings suggest that, in a population such as that examined here in Indonesia, maternal MMN supplementation compared with IFA supplementation can improve the motor and cognitive abilities of children as late as 3.5 years, in particular when women are undernourished or anemic during pregnancy, and especially for motor function and visual attention/spatial ability. The loss of developmental potential in early childhood is a critical problem in lowand middle-income countries. The findings suggest that providing MMN supplements to mothers during pregnancy and lactation, particularly to those who are undernourished or anemic, is an effective intervention to address this loss and to promote healthy motor and cognitive development in children.
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